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ABSTRACT
This project studied the effect of membrane lipid metabolism on
electrolyte transport in rat pancreatic secretory vesicles.

The

influence of phospholipase A2 and fatty acids on Cl" transport
was characterized by the technique of ionophore-induced lysis in
a defined salt solution.

The data reveals a 12-fold increase in

Cl” transport in response to phospholipase A2 treatment of the
membranes.

This suggests that granule membrane bound

phospholipase A2 may regulate aspects of exocytosis during
stimulus-secretion coupling.

In addition, the effect of fatty

acid incorporation into the vesicle membrane was determined.
Direct correlations were identified between increasing fatty acid
chain length and increasing electrolyte transport, as well as the
degree of fatty acid saturation and electrolyte transport.

These

observations indicate that the membrane lipid composition can
have a significant effect on the behavior of integral proteins
such as ion channels.

Furthermore, exocytotic exocrine Cl"

transport may be regulated by membrane fluidity and the
physiological activity of granule associated phospholipase A2 .

INTRODUCTION
Lipid bilayers of both cell and cellular organelles have
increasingly become recognized as dynamic systems involved in
complex physiological mechanisms.

The active roles membrane

lipids and lipid messengers play in the regulation of the
cellular physiology have also become evident from studies of
membrane proteins and intracellular signaling.

A good model to

study the relationship between membrane lipid mediators and
cellular responses is exocrine exocytotic secretion, a system
that involves membrane fusion and electrolyte transport.
Exocrine exocytotic secretion is exemplified by such cellular
activities as parotid salivary release, chief cell pepsinogen
production, and pancreatic enzyme secretion.

Secretion of

macromolecular product in these systems is synchronized with salt
and fluid transport, and serves to flush the macromolecules out
of the granular space and into the ducts by osmotic fluid flow.
Although these events are controlled by different physiological
processes, they are tightly coupled through lipid metabolism
during exocrine secretion.
Due to the unique chemical properties of the phospholipid
molecule, it plays a crucial role in the formation and general
behavior of the cellular plasma membrane.

Phospholipids are

composed of a glycerol backbone coupled to two fatty acid
molecules.

The remaining third carbon site is coupled to a polar

head group such as ethanolamine, serine, or choline.

When

introduced into an aqueous environment, these molecules exhibit
amphipatic behavior.

Bilayers are formed as the hydrophobic

fatty acid tails associate, while the hydrophilic head groups
orient to face the surrounding aqueous environment.

It is this

unique property that triggers the molecules to form the
functional structure and instills the barrier characteristics of
the plasma membrane.

In addition, the partitioning of

hydrophobic proteins into the bilayer provides an avenue for
communication, regulation, and recognition.
Exocytosis is a complex physiological process whereby the
cell secretes macromolecular products by the fusion of
intracellular secretory vesicles with the plasma membrane.
Secretion is triggered by a hormone receptor initiated series of
intracellular events that include the activation of electrolyte
and fluid transport by the acinar cell.

Electrolytes are

transported across the plasma membrane barrier by way of protein
channels incorporated into and spanning the bilayer.

These

channels are activated by receptor mediated G-protein
dissociation and production of second messengers.

Another

consequence of this signal is the movement of the secretory
granule to the lipid bilayer.

Membrane fusion then occurs as a

result of phospholipid reorganization as the granule partitions
into and becomes part of the cellular plasma membrane.
Concurrently, second messengers activate electrolyte transport
and the associated osmotic fluid flow, causing the bulk movement
of macromolecules out of the granule lumen and into the duct.
Thus, stimulus-secretion coupling exits on the cellular level and
is responsible for the release and delivery of the secretory
product.
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Stimulus-secretion coupling in exocrine tissues may be
regulated by changes in lipid metabolism.

One mechanism involves

phospholipase enzymes that catalyze the hydrolysis of membrane
phospholipids.

Their role in the exocytotic secretion process is

currently under investigation because the enzymes partition into
and use the bilayer as a substrate during secretion (Rubin et
al., 1990).

Differing enzymes within this class cleave the

phospholipid at different sites, liberating lipid messengers with
the capability to promote different physiological responses.

One

potential consequence could be a change in membrane fluidity or
motional freedom with a subsequent effect on the proteins that
reside within the membrane.
This project studied the effects of fatty acids and
W

phospholipase A2 activity on electrolyte transport by pancreatic
secretory vesicles.

Isolated secretory granules provide a

convenient method in which to study ion permeability and
conductance as it relates to exocrine secretion.

In the present

study we show that Cl” permeability in the membrane of rat
pancreatic secretory granules is modulated by the structure and
content of fatty acids composing this membrane and by the action
of phospholipase A2 .

w

MATERIALS AND METHODS

Secretory granules were isolated from Sprague-Dawley rat
pancreas.

The excised rat pancreas was placed in a cold

homogenization buffer composed of the following; 250mM sucrose,
50mM 3-(N-Morpholino) propane sulfonic acid (MOPS), titrated to
pH 7.0 with NaOH, O.lmM MgS04, O.lmM ethylene glycol-bis (Baminoethylether)-N,N,N",N" tetraacetic acid (EGTA) (free calcium
10“7 M), lmg/ml fatty acid free bovine serum albumin (BSA), O.lmM
phenylmethylsulfonyl fluoride (which was added immediately before
use from a lOOmM stock in anhydrous dimethyl sulfoxide)•

The

pancreas was chopped into a paste and homogenized by five strokes
at 500 rpm with a glass teflon homogenizer.

Nitrogen cavitation

(700 psi for five min.) was used for further disruption of the
pancreatic acinar cells.

The homogenate was supplemented with

Percoll buffer to give final concentrations of 250mM sucrose, 50%
Percoll, 40mM MOPS, 2mM EGTA, 2mM MgS04 , lmg/ml BSA, and 0.2mM
PMSF.

The gradient was formed by centrifugation at 20,000 x g

for 20 min. in a Sorvall SS-90 vertical rotor.

Granule density

was 1.13—1.15 g/ml, and they formed a distinct band at the bottom
(

of the density gradient.
Due to the fragility of the granules, conventional transport
technology was too harsh.

Therefore, light scatter techniques

were utilized because they do not subject the vesicles to
physical shearing forces.

Light scatter techniques elicit useful

permeability information from the kinetics of granule lysis,
based on the influx of specific electrolytes into the

intragranular space.

Granule lysis was followed by the time

dependent change in optical density (540 nm) of a granule
suspension, with the O.D. being correlated to the granule
concentration.

Granules were suspended in a KC1 salt solution,

and the membrane was artificially permeabilized (with the
addition of the ionophore valinomycin at 10 ug/ml) to K+ .

The

result was granule swelling and lysis limited by the endogenous
rate of influx of the counter ion, Cl” .

Thus, reliable estimates

of ionic transport rates can be obtained from the change in light
scatter.

The KC1 light scatter solution consisted of the

following; l.OmM EGTA, O.lmM MgS04 , 20mM N-2-hydroxyethyl
piperazine-N/-[2-ethanesulfonic acid] (HEPES) (titrated to pH 7.0
with KOH), and 150mM KC1.

Samples were maintained at 37®C in a

constant temperature chamber.

The ionophore, valinomycin was

from a stock solution in 100% ethanol.
Protein concentration was determined by the Peterson (1977)
protein assay method.

Cytochrome C oxidase was measured to

quantify the amount of mitochondrial contamination (Scarpa and
Graziotti, 1973).

Endoplasmic reticulum was quantified by

employing glucose-6-phosphatase assays (Beaufay, Amar-Costesec,
and Feytmans, 1974), while Na,K-stimulated adenosine
triphosphatase was determined for basolateral membrane using the
following method.

Buffer containing lOmM KCL, 50mM NaCl, 6mM

MgCl2, ImM EGTA, 50mM Tris, p.H. 7.4, lOOmM sucrose, plus 5mM ATP
was incubated with the sample.
incubated at 37°C for 30 min.

The reaction was performed and
The reaction was stopped by the

addition of 6% trichloroacetic acid and the amount of liberated
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phosphate measured.
Appropriate stock concentrations of fatty acid samples were
prepared in ethanol and maintained on ice.

Fatty acids were

incubated for five minutes at 37°C in an isotonic KC1 solution
containing zymogen granules, and the Cl” permeability was
measured before and after treatment.
The effect of phospholipase A2 (from Naia mocambigue) on the
granule Cl” permeability was also tested.

Phospholipase A2 was

used at a concentration of 1 x 10”9 g/1, plus or minus 0.5mM
calcium.

Calcium is a cofactor for phospholipase A2 and was used

to demonstrate the necessity for catalytic enzyme activity.

The

enzyme was incubated with the isolated secretory vesicles for 5
minutes prior to measuring the change in membrane Cl”
W

permeability.

RESULTS

Zymogen granules isolated on Percoll gradients have been
demonstrated to have both a high amount of osmotic stability and
purity (Gasser et al., 1988).

Table 1 summarizes the granule

purification based on enzymatic markers and measures of
contamination such as cytochrome C oxidase, glucose-Gphosphatase, and NaK-ATPase.

These granules, in physiological

saline solutions (150mM KC1, pH 7.0), remain intact at 37°C for
several hours.

This implies that secretory vesicles do not lyse

non-specifically.
w

However, the addition of the K+ specific

ionophore valinomycin causes a K+ influx and provides a driving

force for the endogenous transport of Cl” .

Granule lysis was

then due to the intrinsic Cl” transport, balancing the positive
K+ charge, and the osmotic fluid accumulation.

Granular lysis

must then be rate-limited by the endogenous Cl” transport across
the membrane and intragranular fluid accumulation.

This osmotic

lysis method is quantified as the relative half-time for granule
lysis.
Figure 1 illustrates the decrease in granule concentration
(decrease in optical density) associated with the addition of
valinomycin.

Osmotic lysis was started by the addition of the

ionophore valinomycin, and the resulting kinetics monitored by
time dependant change in light scatter (absorbance) of the
granule suspension at 540nm.

Each experiment was performed at

least three times utilizing different granule preparations.
Granules in sucrose solution exhibit virtually no lysis,
indicating the ionophore has no adverse physical effect on the
granule stability.

This in turn indicates the need for a

transportable anion (i.e. Cl”) to accomplish intragranular solute
accumulation.

Gasser and Hopfer (1990) have previously

demonstrated the ion selectivity of the intrinsic granule ion
transporter.

The present data supports the claim that granular

swelling and subsequent lysis is due to an ionic influx powered
by K+ and is rate limited by the Cl” counter ion.
Figure 2 shows the effect of phospholipase A2 on the Cl”
permeability of secretory vesicles.

The graph demonstrates the

relative stability of granules in isoosmotic KC1 solution.

Ca2+

alone did not cause significant deviations from the control rate

of Cl" transport.

However, granules in the presence of

phospholipase A2 and Ca2+ exhibited a greatly enhanced Cl"
permeability.

Calcium can specifically activate Cl" transport in

some systems (Petersen, 1988) and is also a cofactor for
phospholipase A2 .

The data suggests that the Ca2+ influence is

through its cofactor arrangement with the enzyme as it did not
change the Cl" permeability in the absence of phospholipase A2 *
A result of phospholipase A2 activity is the cleavage of the
sn-2 fatty acid from a membrane phospholipid.

Experiments were

performed to determine if the liberation of fatty acids could
explain the phospholipase effect and what contribution fatty
acids of differing chain length had on Cl” transport.

To test

the hypothesis, specific fatty acids were allowed to partition
into isolated zymogen granules, and the Cl" permeability was
measured before and after treatment.

A direct correlation was

observed between Cl” influx and chain length.

Figure 3

illustrates the relationship between fatty acid chain length,
degree of unsaturation, and Cl" permeability.

As chain length of

the fatty acid increases, so does the rate of Cl” influx.

For

example, arachidonic acid (20 carbon chain, 4 double bonds; 20:4)
was the most potent fatty acid Cl” transport promoter.

In the

same class, palmitoleic (16:1) was the shortest and least
effective of those tested.

Saturated fatty acids were not as

effective as the unsaturated fatty acids at promoting membrane
transport.

For example, stearic acid (18:0) was 15 times less

potent than linoleic acid (18:2).

Furthermore, short chain

saturated fatty acids actually decreased Cl" permeability in some
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granule preparations.

In addition to chain length, the degree of

fatty acid unsaturation is a significant factor influencing
membrane Cl“ transport or fluidity.

For example, the 18 carbon

fatty acids had a relative effectiveness of linolenic (18:3) >
linoleic (18:2) > oleic (18:1) > stearic (18:0).

W

DISCUSSION

Exocytosis is a physiological process occurring as a
result of a fission-fusion reaction between the secretory granule
and the plasma membrane.

Gasser et al. (1988) have shown that

this event is regulated by hormones binding extracellular facing
membrane receptors which initiate the production of intracellular
messengers.

Ionic transport pathways were found to be associated

with the zymogen granule membranes which couple electrolyte
transport and primary fluid production during exocrine secretion
(DeLisle and Hopfer 1986).

Thus, the transport pathways involved

in exocytosis are likely controlled by a receptor mediated
increase in such messengers as kinases (Fuller et al., 1989),
nucleotides (Thevenod et al., 1990), or membrane fluidity (Gasser
et al., 1990).
Fluidity is a measure of the motional freedom within the
cell membrane.

Transport through the membrane has been shown to

be sensitive to changes in the bilayer composition, with a strong
correlation between Cl” conductance and secretory membrane
fluidity (Gasser et al., 1990).

It would follow that

physiological control of membrane motional freedom would be an
effective regulator of electrolyte transport activity and
secretion.

Possible factors influencing this regulation would be

the alteration the membrane structure by way of lipid metabolism.
This metabolism is activated during stimulus-secretion coupling,
and includes the phospholipases A2 and C.

These lipases

hydrolyze membrane phospholipids, liberating such fluidizing

agents as arachidonic and other unsaturated fatty acids,
lysophospholipids, or diacylglycerol.
Physiological effects due to the presence of these types of
molecules on membrane associated activity have been demonstrated.
Lysolipids are known to be substrate metabolites in lipid
mediated metabolism.

Entry into the membrane of even small

amounts of lysolipid can significantly alter membrane associated
functions such as activity of specific transport proteins
(Melchoir et al., 1990).

Lysolipids are also known to be

involved in cellular signaling (RittenHouse-Simmons and Deykin,
1986; Burgoyne et al., 1987) and have been shown to alter
specific membrane functions in both normal and pathological
situations (Chauhan et al., 1984; Corr et al., 1982).
Due to the structural implications of membrane fluidity and
its recognized influence on many physiological membrane
processes, this route is likely important in the control of
secretion.

Phospholipase A2 is one of the main membrane bound

lipolytic enzymes and has been shown to be dependent upon the
membrane's physical state (Koumanov et al., 1990).

Phospholipase

A2 produces lysophospholipids and unsaturated fatty acids as
products upon hydrolysis of membrane phospholipids.

As both have

the ability to alter membrane chemistry, they are good
physiological candidates for fluidity control.

In addition,

phospholipase A2 is associated with the secretory vesicle
membrane and its activity increases during stimulus-secretion
coupling (Rubin et al., 1990).

Historically, interest has

focused on cyclooxygenase and lipoxygenase products of

arachidonic acid metabolism.

However, inhibition of these

pathways does not alter secretion kinetics.

Therefore, the role

of phospholipase A2 is probably not associated with these
metabolites during secretion.

A direct alteration of membrane

fluidity by phospholipase A2 becomes a viable option based on the
known characteristics of unsaturated fatty acids and
lysophospholipids.

Our data show that phospholipase A2 , in the

presence of Ca2+ cofactor, can cause up to a 12-fold increase in
Cl” transport.

Studies performed by Rubin et al. (1991) have

demonstrated a G-protein regulated phospholipase activity with
calcium serving as a cofactor for catalytic activity.

Thus,

phospholipase A2 activity may be activated by receptor mediated
signaling systems and influence lipid metabolism and exocytosis
during stimulus-secretion coupling.
Fatty acids, which are liberated by phospholipase A2
metabolism, also play a role in modifying electrolyte transport
activity.

Experiments performed by Marin and Fernandez (1990),

concerning changes in the membrane parameters as part of the
aging process, reveal a decrease in arachidonic acid and other
long chain fatty acids.

Their data suggests a change in the

physiological parameters resulting from an increased rigidity of
erythrocyte lipid bilayers.

In addition, Ordway et al. (1989),

have shown arachidonic acid to stimulate K+ conductance in a
manner unrelated to further eicosanoid production.

As

demonstrated by our collective data, those fatty acids with long
chain length increased electrolyte transport, and short chain
lengths had a reduced effect on membrane transport activity.

A

correlation between electrolyte transport and degree of
saturation was also recognized.

It is believed that this

increase in transport is due to a general increase in membrane
fluidity as a result of lower packing density observed in
unsaturated long chain fatty acid structures.

Thus the physical

structure of the fatty acid molecules may affect the overall
motional freedom within a membrane either due to length of
hydrocarbon chain and/or orientation of that chain.

These

observations support the hypothesis that secretory Cl“ transport
may be regulated by zymogen granule membrane fluidity, and that
fluidity is under the physiological control of phospholipase A 2 .

Table 1.

Marker Enzyme Analysis of Pancreatic Zymogen
Granule Isolation
Enzyme

Homogenate

Final

Amylase
(umoles/mg protein/min)

102

411

Alkaline phosphatase
(umoles/mg protein/min)

85.0

0.9

Glucose-6-phosphatase
(nmoles/mg protein/min)

31.9

0.3

Cytochrome C oxidase
(nmoles/mg protein/min)

211

8

Na/K-ATPase
(nmoles/mg protein/min)

39.8

0.8

FIGURE 1. '

VALINOMYCIN INDUCED OSMOTIC LYSIS IN PANCREATIC
SECRETORY VESICLES.

Zymogen granules were suspended' in cuvettes containing
either isotonic sucrose or KC1 at pH 7.0 (37°C). Osmotic
lysis and the decrease in optical density is dependent-on
the'rate-limiting influx o.f chloride through endogenous
transport pathways. The' figure shows that granule lysis is
dependent of the presence of electrolytes in the incubation
solution..

Minutes

FIGURE 2.

THE EFFECT OF PHOSPHOLIPASE A2 ON THE CHLORIDE
PERMEABILITY OF PANCREATIC ZYMOGEN GRANULES•

The zymogen granules were suspended in isotonic KCl and
treated with either calcium (0.5 mM) alone or phospholipase
A2 (1 x 10 9 g/ml) plus calcium (0.5 mM). Valinomycin was
added at the arrow and the change in lysis rate was
monitored. This figure is a single representative
experiment; however, it was repeated with 4 different
vesicle preparations with qualitatively similar results.

FIGURE 3.

THE EFFECT OF FATTY ACIDS ON THE CHLORIDE
PERMEABILITY OF PANCREATIC ZYMOGEN GRANULES.

Fatty acids (4 x 10
M ) ; arachidonic (20:4), linolenic
(18:3), linoleic (18:2), oleic (18:1), palmitoleic (16:1),
lignoceric (24:0), stearic (18:0), palmitic (16:0), and
capric (10:0), were incubated with isolated zymogen granules
and changes in Cl permeability was monitored. Each fatty
acid was tested a minimum of 3 times.
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